ABSTRACT--Seasonal occurrences of the abnormally enlarged ovary of Pacific oysters Crassostrea gigas caused by an unidentified intracellular protozoan parasite was investigated in Gokasho Bay, Mie Prefecture, Japan. Cultured and wild oysters were collected bimonthly for one year from July 1996, and seasonal fluctuations in the prevalence of infection, parasite development and histological changes of the infected tissue were examined.
quently observed, while the other 4 forms, which were not described in M. chungmuensis, were rare. The total prevalence of infection (percentage of infected oysters positive for at least one of the two examinations: gross and smear inspections of the ovary) was usually higher than the gross prevalence of infection, indicating that infected oysters included ones without visible legions. In cultured oysters, the prevalence of infection increased in summer, suggesting that active multiplica tion of the parasite takes place in warm water months. From autumn through spring, no substan tial change in the total prevalence of infection was observed in cultured oysters (18-20%), while it continued to decline in wild oysters during that period. These differences between cultured and wild oysters could be attributed to the oyster size and environmental factors such as salin ity. Histologically, the number of infected oocytes increased in summer, but decreased in winter. From the variations in the parasite morphology and maturation of oocytes, the life cycle of the parasite and the mechanism of the legion formation are postulated.
Abnormally enlarged ovary of Pacific oysters Crassostrea gigas is a condition in which the ovary shows lumpy proliferation from autumn, when the repro ductive season is over (Matsusato et al., 1977) . This disease occurs in the western part of Japan.
The pathogen is a protozoan parasite infecting the oocyte, but taxonomical studies on this parasite have not been made.
The disease causes industrial problems because the gross sign of the lumpy ovary is responsible for a loss of commercial value of infected oysters.
Effective countermeasures have not been established.
Literature on this disease is quite limited, which pre vents the development of countermeasures against the disease.
Previously, Seki (1933) , Ogasawara et al. (1962) and Matsusato et al. (1977) reported some basic aspects of the disease. However, their investigations were made in Hiroshima Prefecture, and little has been done on the disease in other localities. The kinetics of the disease may be different in different environmental conditions. Comps et al. (1986) assigned Marteilioides chung muensis infecting Pacific oysters in Korea, apparently very similar to the present parasite, to the phylum Ascetospora, which included mixed groups of mollucan parasites such as Haplosporidium, Minchinia and Marteilia. However, Anderson and Lester (1992) rea sonably assigned their new species Marteilioides branchialis infecting Sydney rock oyster Saccostrea commercialis to the phylum Paramyxea, which is charac terized by the formation of the typical cell-in-cell struc ture.
In Perkinsus marinus and Haplosporidium nelsoni, lethal protozoan parasites of Eastern oysters Crass ostrea virginica, seasonal variations in the mortality and pathological conditions have been described (Crosby and Roberts, 1990; Haskin and Andrews, 1988) , and the life cycle and infection routes have been inferred (Perkins, 1996; Volety and Chu, 1994) . Particularly for H. costale, the pathogen of Sea Side Disease of Eastern oysters, it is possible to reduce mortality by adjusting the harvesting time, and thus the peak of mortality is avoided (Andrews et al., 1962; Elston, 1994) .
Seasonal variations in this proliferative ovarian dis ease of oysters in Gokasho Bay are described in this paper to determine the seasonality in the parasite devel opment, the disease progress, and to determine the invasion period of the parasite.
The infection of cul tured and wild oysters was examined once in every two months for one year from July 1996, and smears and tis sues were examined for developmental stages of the parasite.
Materials and Methods
Oyster examined Cultured and wild Pacific oysters, 100 each, from Gokasho Bay were examined for each sampling. Cultured oysters were purchased from a local fisherman; they consisted of a single stock of oysters, just l-year old when we started the surveys.
Wild oysters were collected in the intertidal zone in front of the National Research
Institute of Aquaculture at Nansei, Mie Prefecture.
Oysters were collected in July, October and December 1996 and March, May and July 1997. In July 1997, only cultured oysters were collected, because the number of wild oysters was severely reduced in sum mer.
After removing the right valve, oysters were grossly checked for the presence or absence of the abnormally enlarged ovary. Gonad smears were then prepared. Part of each gonad was placed on a glass slide, and thin smears were prepared with a cover glass and then air dried. The smears were stained with May-Grunwald and Giemsa or Diff-Quik stain, and mounted in Permount (Fisher Chemical Co., Ltd., USA).
For preparing tissue sections, oysters were fixed with 10% formalin or Davidson's solution (Shaw and Battle, 1957) Gross and total prevalence of infection Infection was investigated both directly by the naked eye and in smears with a light microscope. The gross prevalence of infection was represented by the percent age of oysters with lumpy ovaries by the naked eye. The total prevalence of infection was defined as the per centage of oysters positive for at least one of the two examinations: confirmation of lumpy ovaries by the naked eye (visible disease signs) and detection of para sites in smears by light microscopy.
Observations of the parasite and histopathology of the infected tissue
The parasite and infected ovaries were observed in smears and tissue sections.
Parasites were mainly investigated in smears.
In tissue sections of cultured oysters, 100 oocytes were counted, of which the number of infected oocytes were counted, and parasites were categorized according to the developmental stages described in the Results.
Oocytes were counted 3 times and the average for each month was tested with ANOVA (Statview ver. 3.0). Pathological changes were observed in tissue sections and the seasonal variations in the condition of the infected ovary were examined. The sexes of oysters were examined, and all of the infected oysters were females. The sex ratio was about 1:1 during the reproductive season.
Morphological changes of the parasite
From observations of the smears, 8 forms of the ovarian parasite were recognized.
The ratio of each form changed seasonally.
These forms are designated as A to H. They are illustrated in Fig. 2 and their photos are shown in Fig. 3 . Their characteristics are tabulated in Table 1 .
Among cultured oysters, the number of infected oocytes was reduced markedly from October to December 1996 (P<0.05). The composition of the parasite forms also changed (Fig. 4) . In October, type D parasites were most common, while in December, only types A and B were observed.
In May 1997, the number of See Table 1 In July 1997, the number of parasites increased to as many as 54.5 in 100 oocytes examined (P<0.05), and type D was dominant again.
Histological examinations
In cultured oysters, abnormally developed ovaries occurred only in some parts of the intergonadal connective tissue, forming infection foci. In tissue sections, seasonal changes in maturity of oocytes and the appearance of the parasite were observed as follows.
October 1996: Matured oocytes infected with type D parasites were observed in the lumen of the follicle, and immature oocytes infected with type A or B parasites attached to the follicle wall (Fig. 5A ). December 1996: Oocytes with type D parasites were rarely observed among mature oocytes in the lumen of the follicle. The number of immature oocytes on the follicle wall were considerably higher than that in October; some were infected with Type A and B parasites, but the ratio of infected oocytes to all immature ones was reduced (Fig. 5B) . In some parts of the foci, hemocyte infiltration was observed.
In extreme cases, hemocytes were observed to occupy the whole space of degenerative infection foci (Fig. 5C ). In such cases, many type D parasites were free from degenerative host cells. The cell-in-cell structures were stained bright red with eosin, which indicates the parasites were dead.
March 1997: Most oocytes were uninfected and became mature.
Only type A or B parasites were observed in immature oocytes, with a very low rate of infection (Fig. 5D ).
May 1997: Immature oocytes on the follicle wall grew to some extent, compared with those in March. Parasites, especially of type B, in immature oocytes increased.
Mature oocytes infected with type C and D parasites were also observed in the lumen of the follicle. Hemocyte infiltration was seldom observed (Fig. 5E ).
July 1997: The number of mature oocytes with type D parasites increased.
They were observed in almost all areas of the gonad.
Few immature oocytes were observed.
Most parasites were type D (Fig. 5F ).
Discussion
The present parasite is morphologically very similar to Marteilioides chungmuensis, but identification was not given in this paper.
The reasons are: 1) we have observed Types E-H, which were not described in the infected Pacific oysters in Korea (Park and Chun, 1989) , and 2) no comparable electron microscopic studies have been conducted in the present species.
Seasonal fluctuations in the infection
Both in cultured and in wild oysters, the gross prevalence of the abnormally enlarged ovary increased from July to October 1996, which may reflect the seasonal infection cycle. In this period, oysters consume much glycogen for gametogenesis and spawning (Sugawara and Koganezawa, 1995) and many oysters appeared watery. After spawning, oysters are more likely to die because of high energy consumption (Harold et al., 1988) , and it was in this period that the disease signs started to appear.
Additionally, infected oysters could spawn in this season because oocytes infected with type D parasites were reduced.
It may then be predicted that the pathogen was also present in sea water. In winter, hemocyte infiltration into the infection foci was observed in some infected oysters.
Such infiltration occurred in uninfected oysters at the end of the spawning season in late summer to early autumn. Since no host response was observed against this intracellular parasite in other seasons, it was probably a normal host response associated with the degeneration of the remaining gonad, irrespective of infection. In contrast, the infection of an intracelluar microsporean parasite in the ovocytes of Sydney rock oysters Saccostrea commercialis was accompanied by an intense hemocyte infiltration throughout the entire gonad (Anderson et al., 1995) . Both the present parasite and the microsporean infect the ovocyte of oysters, but host response and their pathological effects may be quite different between the two parasites.
There are two possible reasons for the gross prevalence declined from October 1996 onwards in wild oysters: oysters either recovered or were dead. Recovery is possible if infections are lost via spawning. Besides, the hemocyte infiltration in the infected tissue in winter was similar to that in normal gonads after spawning (Sugawara, 1981) . The infection foci may return to a normal tissue after the hemocyte infiltration. However, the phagocytosis by oyster hemocytes is not effective for protozoan parasites such as Perkinsus marinus (see Mori, 1995) . Additionally, infected oysters were watery. Hence, in wild oysters, infected individuals are more likely to be killed by the disease.
On the other hand, the gross prevalence in cultured oysters did not change in winter, implying that infected oysters were not killed. Cultured oysters had shells about 10 cm high, whereas those of wild oysters were about 5 cm. In bivalves, the bigger the body size becomes, the more the food is filtered (Navarro and Winter, 1982) , and the excess energy consumption due to the disease may be supplemented. The time of feeding for wild oysters is limited by the period when they emerge from the water at low tide. Cultured oysters are grown offshore where salinity is higher than in the inter- (Abo et al., 1997) . High salinity is suitable for the growth of Pacific oysters. From these conditions, cultured oysters would be more resistant to mortality than wild oysters. However, infected oysters were watery as in wild oys ters, hence they may also be killed later.
With these factors, the increased gross prevalence of infection in cultured oysters in July 1997 could be due to the low or negligible rate of mortality of infected oys ters and a new appearance of the disease.
In tissue sections, infected oocytes and the ratio of large para sites (mostly type D) increased.
This could be due to the active multiplication of the parasite, and this may support the assumption that newly infected oysters appeared in summer.
In wild oysters, because of the severe decrease in glycogen caused by the disease, hosts died before the parasite increased, and multiplica tion of the parasite was disturbed. Seki (1933) reported that the gross prevalence of infection decreased in winter and increased from sum mer to autumn in Hiroshima Bay. In Gokasho Bay, however, no such seasonal fluctuations in the gross prevalence were recognized in cultured oysters.
To determine the seasonality of the infection and the timing of the earliest appearance of noticeable disease signs, as predicted from the data on the gross prevalence, fur ther examination with shorter sampling intervals will be required.
Life cycle of the parasite Seasonal variations in the morphology of the para site may be due to the progress of the parasite's life cycle. We assume the life cycle as in Fig. 6 , from comparison with Marteilia refringens (see Figueras, 1988 ) and Marteilioides chungmuensis (see Park and Chun, 1989) , the latter parasite causing similar ovarian disease in Korea and belonging to the same phylum, Paramyxea.
Type A and B should be early stages and change to type C and D from spring to summer. Types E to H may be divided forms of type D, because type F parasites appeared to be type D parasites that had divided again. They may divide in summer because type D parasites increased in July 1997. Types E to H were rarely observed.
This may be because type D rarely divides, or these stages may not be stable. However, as in M. chungmuensis, it is not known how the parasite leaves the host. Type D is assumed to be the spore stage here, but the spore of M. refringens was markedly different from type D. Additionally, presence or absence of other hosts except oysters involved in the life cycle is not known.
The parasite was observed even in small immature oocytes. This indicates that oocytes became infected while they were in very early developmental stages. In M. chungmuensis, a morphologically similar species to the present parasite, an earlier developmental stage than type A in this study, designated as the 'root cell', was detected in the oocytes (Park and Chun, 1989) . The parasite in this study could have such forms, which remain in the body of oysters and start to develop when the host condition is favorable to the parasite.
For the elucidation of the life cycle of this parasite, information on the route of infection is required. With the reduction in the number of infected oocytes in autumn, infected oocytes could be spawned and ingested by other oysters through the feeding current.
On the other hand, infected oysters could be killed, because their soft tissues were shown to be watery. Hence, like Perkinsus parasites, the parasite might be washed away in the sea water and change their forms after the hosts were killed (Goggin and Lester, 1995) .
The progress of the disease appears to be related to the glycogen content of the host, because infected oys ters were shown to be watery, indicative of a much reduced glycogen level. Additionally, the appearance of this disease could be related to gametogenesis in the ovary, where the infection is restricted. To determine the timing of infection and first appearance of noticeable disease signs, the relationship between the physiological condition of oysters and the infection cycle should be elucidated.
